Articles you may be interested in Direct imaging of electron recombination and transport on a semiconductor surface by femtosecond timeresolved photoemission electron microscopy Appl. Phys. Lett. 104, 053117 (2014) A new approach is demonstrated for investigating charge and spin diffusion as well as surface and bulk recombination in unpassivated doped semiconductors. This approach consists in using two complementary, conceptually related, techniques, which are time-resolved photoluminescence (TRPL) and spatially resolved microluminescence (lPL) and is applied here to p þ GaAs. Analysis of the sole TRPL signal is limited by the finite risetime. On the other hand, it is shown that joint TRPL and lPL can be used to determine the diffusion constant, the bulk recombination time, and the spin relaxation time. As an illustration, the temperature variation of these quantities is investigated for p þ GaAs. V C 2014 AIP Publishing LLC.
All optical method for investigation of spin and charge transport in semiconductors: Combination of spatially and time-resolved luminescence I. INTRODUCTION Determination of diffusion constants and characterization of surface and bulk recombination of semiconductors is of importance for the designing of devices, such as photovoltaic, microelectronic, and spintronics systems. The diffusion constants are usually obtained from the values of minority carrier mobilities. [1] [2] [3] The charge and spin diffusion constants can also be determined using spin grating experiments. 4 In spite of their strong interest, these experiments are relatively elaborate since they involve time-resolved four-wave mixing. For determination of the recombination dynamics, time-resolved photoluminescence (TRPL), 5 cathodoluminescence, 6, 7 or conductivity 8 have been used. Independent theoretical analysis 9, 10 has shown the strong potential of time-resolved techniques for investigating bulk and surface recombination, and for the determination of diffusion constants using analysis of the various exponential modes in the transient, for each of which the characteristic time and amplitude can, in principle, be determined independently. Such analysis has only been performed for silicon. 8 Experiments on p þ GaAs have investigated bulk 11 and to some extent surface 12 recombination kinetics, as well as spin and charge lifetimes. [13] [14] [15] Both time and spatially resolved luminescence has also been used for investigating minority carrier and transport in surface free n-type GaAs. 16 In the present work, it is first shown, in the case of doped unpassivated GaAs, that analysis of the charge and spin transients can be performed using an inverse Laplace transform method, which gives well-defined temporal modes. However, the finite TRPL rise time only enables to observe the first two modes, while their amplitudes are difficult to determine. On the other hand, the joint use of TRPL and of spatially resolved microphotoluminescence (lPL) enables to determine the charge and spin lifetimes as well as the charge and spin diffusion constants. The lPL technique, which consists in imaging the photoluminescence profile using a local CW laser excitation, 17 is formerly very similar to TRPL since the spatial concentration profile also exhibits modes. This method is applied to investigation of the temperature dependences of diffusion constant, lifetime, spin relaxation time for p þ GaAs, for which the interest for spintronics arises from the strong electronic polarization under circularly polarized excitation. Section II presents a description of the method with an illustration at low temperature and shows the conceptual analogies of the two techniques. Section III presents a discussion of the limits of the sole TRPL and an interpretation of the joint TRPL and lPL results. In Sec. IV, the method is applied to investigation of temperature effects and spectrally dependent dynamic characteristics.
II. DESCRIPTION OF THE METHOD

A. Experimental
We have investigated a thin GaAs film (acceptor concentration N A ¼ 10 18 cm
À3
, thickness d ¼ 3 lm). This structure is grown on a GaInP layer, which is itself grown on a semi-insulating substrate which does not contribute to the luminescence. The thin GaInP layer confines the photoelectrons and also strongly reduces the recombination at the back film interface. The present section is devoted to results obtained at a temperature near 15 K, while the results as a function of T will be explained in Sec. IV. For TRPL, as described in Ref. 18 , the excitation source was a circularly polarized mode-locked frequency-doubled Ti:Sa laser (1.5 ps pulse width, 80 MHz repetition frequency, wavelength 780 nm) and the emitted light was dispersed by a spectrometer (resolution 0.12 nm) and detected by a streak camera. The average power was adjusted between 5 and 500 lW and the diameter of the excitation spot was 50 lm that is, much larger than the diffusion length, so that light excitation was spatially homogeneous. The spin-related difference signal I d ðtÞ ¼ I þ ðtÞ À I À ðtÞ, defined as the difference between the r þ -and r À -polarized components of the transient luminescence signal was also monitored. Figure 1 shows the sum and difference transients obtained at 20 K normalized to unity at their maximum as well as, for comparison, the time response of the streak camera. These transients reveal a slow increase, in a time of the order of 70 ps, an exponential tail at long times, and a relatively weak nonexponential signal between 100 ps and 300 ps, and will be interpreted in Sec. III B.
For lPL, as described in Ref. 17 and illustrated in the left panel of Fig. 2 , the sample was excited by a CW tightly focused light (Gaussian radius r % 0:6 lm, energy 1.59 eV) in a modified commercial optical microscope. An image of the luminescence was taken using a CCD camera and a small light excitation power (several lW) in order to keep a photoelectron concentration smaller than 10 16 cm À3 and to avoid effects of ambipolar diffusion 19 and of Pauli blockade. 20 Such image, at a temperature of 15 K, is shown in the top right panel of Fig. 2 . The bottom right panel shows the angular averaged sum profile. This profile is distinct from that of the laser and reveals photoelectron diffusion during their lifetime.
B. Theory
For the two techniques, the luminescence intensity is given by
Àa l z nðr; z; tÞdz;
where C is a constant. Here, t is the time and, as shown in the left panel of Fig. 2 , r is the distance to the excitation spot and z is the depth. This equation allows for the possibility of reabsorption of the luminescence with a coefficient a l . The photoelectron concentration n(r, z, t) is a solution of the following diffusion equation:
where D is the charge diffusion constant, s is the bulk lifetime, and D is the Laplacian operator. Here, g(r, z, t) is the number of thermalized electrons created in the conduction band per unit volume and per unit time and takes into account the possible spatial diffusion of hot electrons during thermalization. For lPL, one has gðr; z; tÞ ¼ g l ðr; zÞ so that, in Eq. (1), @nðr; z; tÞ=@t ¼ 0. For TRPL, gðr; z; tÞ ¼ g TR ðz; tÞ so that n(r, z,t) does not depend on r. Equation (2) is solved in Appendix by imposing the Robin boundary conditions @n=@zj z¼0 ¼ cn=d and @n=@zj z¼d ¼ Àc 0 n=d, where the dimensionless parameters c and c 0 are related to the recombination velocities S and S 0 of the front and back surfaces, respectively, by For TRPL, the difference signal I dTR (t) is also given by Eq. (1) provided the charge concentration n is replaced by the spin concentration s ¼ n þ À n À , where n 6 is the concentration of electrons of spin 61/2, with a quantization axis along the direction of light excitation. The quantity C is replaced by CjP i j where, for cubic semiconductors, the initial polarization P i is equal to 70:5 for r 6 -polarized light excitation. The time evolution of s is given by an equation similar to Eq. (2) 21 Within these changes, Eqs. (7), (A6), and (A3) also give the expression for I d ðtÞ, as a function of the characteristic times s sm of the various modes for the decay of s. 
where a m are functions of time and u m (z) are the orthogonal spatial eigenfunctions of the Laplacian operator, satisfying the above boundary conditions, and given by Eq. (A1).
5,22
The characteristic times s m of the various modes are given by
where the angle h m is given by the nonlinear equation
The final expression of the luminescence intensity, found using Eq. (1), is
where c m are functions of time, given by Eq. (A3). In the simplified case where the buildup of the thermalized electron population is instantaneous, one has g TR ðz; tÞ / adðtÞe Àaz , where a is the absorption coefficient. gives c and h m using Eq. (6). Provided more than one mode is observed, these angles, together with the measured values of s m , give D using Eq. (5) from which s and S are obtained. 23 
lPL profile
For lPL, the spatially inhomogeneous rate of creation of thermalized electrons is approximated by
, where r* and a* can differ from the Gaussian radius r of the laser spot and from the absorption coefficient a*, respectively, because of hot electron diffusion. In analogy with Eq. (7) and, as shown in Appendix, the luminescence profile can be expressed as the sum of spatial modes as given by
The 
where JðsÞ is the searched distribution of time constants, eðtÞ represents the noise. This algorithm is based on a compression of the data obtained with the singular value decomposition of the exponential kernel and a robust optimization method using a Tikhonov regularization. 25 Shown in the insets of Fig. 1 are the time-dependences of JðsÞ. Though the inverse Laplace transform is known as an ill-posed problem, the very good signal-to-noise ratio of the experimental data gives two well-defined peaks such that The two successive exponential decays of Eq. (11) are attributed to the first two modes defined in Eq. (7). Other interpretations implying ambipolar diffusion, 19 Auger recombination at high density, change of recombination time caused by temperature dependence of the bimolecular recombination, 5, 26, 27 or stimulated emission by the photoexcited carriers, can be ruled out since the transient stays exactly the same if the excitation power is decreased by two orders of magnitude. In the same way, time dependence of the spin relaxation time, possibly originating from the concentration dependence of the collision time, 28 can be excluded because of the weak power dependence of the difference transient. Finally, transient dielectric screening of carriers can also be ruled out since the dielectric relaxation time is very short as compared to s 2 . 29 The increase of the sum and difference signals masks the higher order modes. This slow increase has already been reported before for p þ GaAs 14 and has been attributed to the screening of the electron-phonon interaction. 30 Nevertheless, since the amplitudes have well-defined, time-independent, values as soon as the PL maximum is reached, one may think that the experimentally determined ratio c Fig. 3 . This is however not true since the signal increase cannot be interpreted by Eq. (A6) using a single time for thermalization of electrons after creation. In this case, the amplitude values, given by Eq. (A3), depend on details of the thermalization process, which are not known, such as (i) the change of the electron depth profile by diffusion during thermalization; (ii) the possible time dependence of s induced by its temperature dependence. 5 In view of this complexity, it is concluded that only the times of the transients can be used for analysis, so that investigation of the PL sum and difference transients is not sufficient to determine intrinsic dynamic and diffusive parameters.
B. Combined TRPL and lPL investigation
As shown in the Appendix, the higher order spatial modes do not affect the lPL signal for distances larger than 32 the uncertainty on the determination of S is very large, of at least one order of magnitude. The profile is finally calculated using Eq. (A8), using the above determined parameter values and r * ¼ 0.6 lm. The result is shown as a dotted line in the bottom right panel of Fig. 2 and very well approximates the data. It is concluded that combination of TRPL and lPL allows us to determine the key parameters for recombination and transport.
Investigation of the spin dynamics is performed by calculating the transient of the spin polarization P ¼ ðn þ À n À Þ=ðn þ þ n À Þ, defined as the ratio of the difference and sum transients. This transient is shown in Fig. 4 , taking the time origin at t 0 ¼ 140 ps in order to avoid the effects of the slow signal increase. As seen in the inset, the fast tail has almost completely disappeared and the transient is essentially described by a single exponential of characteristic time T 1 % 1150 ps. Using Eq. (7) and the corresponding equation for spin orientation, one can show that this result implies that D s % D so that, in Eq. (6), h 1 ¼ h 1s and h 2 ¼ h 2s . The transients at short time calculated using Eq. (7) 
IV. DISCUSSION
A. Temperature effects
The analysis of Sec. III has also been performed as a function of temperature. As seen in the bottom panel of Fig. 5 , which shows the sum TRPL signals, the decay time s 1 at the long time increases with temperature. This shows that s 1 is dominated by the decrease with temperature of the bulk recombination efficiency 5 rather than by the increase of surface recombination velocity. In agreement with Eq. (A4) and Fig. 3 , the increase of S is responsible for the observed temperature increase of the amplitude of the fast exponential decrease before 400 ps. The top panel of Fig. 5 shows the temperature dependence of the difference signal. Up to about 80 K, the time s s1 of the long time transient increases with temperature, in the same way as for the sum transient. Further temperature increase induces a decrease of s s1 , which reveals a temperature decrease of the spin relaxation time T 1 . The difference transient also exhibits a temperature increase of the amplitude of the short time transient. Such effect is caused by the increase with temperature of the surface recombination velocity, which will increase c 2 as shown in Fig. 3 . Note also that, in agreement with independent observations, 14 the characteristic time for the increase of the two signals weakly depends on temperature. Also visible is the slow tail at very long times observed for the sum transient and to some extent for the difference transient at the lowest temperature of 10 K. This finding will be discussed in Sec. IV B.
The sum lPL profiles are also shown in Fig. 6 for selected temperatures. The spatial decay is slightly faster when the temperature is decreased, thus revealing a limited decrease of L 1 . Also shown in the figure are the best fits of the experimental data using Eq. (A8) using S ¼ S 0 ¼ 0. The agreement with the experimental data is satisfactory. The value of D only slightly increases with decreasing temperature, because of the approximate 1/T dependence of the mobility l.
2 The difference between s and s 1 becomes visible at temperatures larger than about 100 K because in this temperature range, the surface recombination velocity starts to play a role. However, the value of s at 300 K is smaller by a factor of 3 than the bulk radiative lifetime for the present acceptor concentration 11 and the temperature increase is characterized by an exponent of the order of 0.5 as a function of T and closer to 1 as a function of the temperature of the electron gas. These exponents are smaller than the one of 3/2 found for bulk radiative recombination. 5 These two differences are attributed to nonradiative recombination at the rear surface, for which the time decreases with increasing temperature. At room temperature, the characteristic time for the back surface recombination, of the order of ðS 0 =dÞðh 1 = tanðh 1 ÞÞ provided c 0 ( c, can be estimated using the value of S 0 ¼ 10 5 cm/s found on a sample with a doping higher by one order of magnitude. 33 One finds a value slightly smaller than 1 ns, showing that back surface recombination could affect the value of s. Finally, the fact that s is not larger than its expected value for radiative recombination suggests that photon recycling effects are weak. Such recycling would result in an increase of s and is indeed expected to be small in the presence of a substrate. . The curves, normalized at the maximum, were shifted upwards for clarity. Also shown by dots are curves calculated using Eq. (A8), using an effective diffusion length given in Table I .
Analysis of the dependence of T 1 as a function of lattice temperature as well as of the photoelectron temperature T e , as determined from the shape of the PL spectrum, is shown in Fig. 7 . A power law is found for the two curves with exponents of 1.16 and of 1.41 as a function of T and T e , respectively. The latter exponent is very close to that found using Hanle effect measurements for a similar doping, 34 which shows the relevance of the exchange interaction of the electronic spins with the hole spins (known as the Bir Aronov Pikus mechanism). 5 
B. Energy-resolved analysis at T 5 9 K
In the present section, we apply analysis of the TRPL signal to spectroscopic investigation as a function of luminescence energy. Unlike higher temperatures, the transient at T ¼ 9 K depends on energy. The luminescence spectra at 9 K for selected times after the laser pulse are shown in the bottom panel of Fig. 8 . While the spectrum shape does not strongly change during the signal increase, the spectrum after the onset of the decrease exhibits a stronger high energy signal (above 1.5 eV) and a relatively weak signal at an energy lower than 1.49 eV. Conversely, at long times, the luminescence peaks at a lower energy of 1.492 eV, implying an energy-dependent recombination time s 1 . The value of s 1 , determined using inverse Laplace analysis [Eq. (10) ], is shown in the inset of Fig. 8 as a function of energy and is larger at low energy. Such behavior is well-known in disordered systems at low temperatures and indicates photoelectron localization in potential wells caused by the random distribution of acceptors. 35 Although at this acceptor concentration the holes remain delocalized, 36 the electron localization decreases the overlap between electron and hole wave functions, which explains the lifetime increase.
The light polarization spectra at selected times after the laser pulse, shown in the top panel of Fig. 8 , exhibit the progressive build up a polarization dip near 1.49 eV. This implies that, both for electrons of higher and lower energy, the lifetime s 1 is decreased or the spin relaxation time T 1 is increased with respect to their values at 1.49 eV. At high energy, as seen from the inset which shows the spectral dependences of s 1s and of T 1 , the polarization increase is caused by an increase of T 1 from 1.5 ns at 1.48 eV to about 3 ns at 1.50 eV, while s 1 weakly depends on energy. This increase is caused by the reduced Coulomb interaction of energetic electrons with holes, which reduces the efficiency of spin relaxation. Below 1.49 eV, the increased polarization must be caused by the increase of T 1 , which dominates the opposite effect of the increase of s 1 . In spite of the relatively 7 . Dependence of the spin relaxation time T 1 as a function of the lattice temperature T and of the temperature of the photoelectron gas T e . At high temperature, these dependences follow a power law, of exponents 1.16 and of 1.41, respectively. The latter exponent is close to the one predicted by the Bir Aronov Pikus model for relaxation by exchange with holes. poor accuracy of the determination of T 1 in conditions of weak signal conditions, the increased value of T 1 near 1.48 eV is visible in the inset of Fig. 8 . This decrease of the spin relaxation efficiency of localized electrons by exchange with holes is viewed as a consequence of the smaller overlap of their wavefunctions, which decreases the electron-hole collision probability.
V. CONCLUSION
The charge and spin dynamics of p þ GaAs have been investigated as a function of temperature using a novel method. This technique consists in combining spatially and time-resolved luminescence investigations. These two complementary, all optical, techniques, although quite different from an experimental point of view, have close conceptual analogies since corresponding signals are the solutions of very similar diffusion equations. The time decay of the signal exhibits well-defined exponential modes which are isolated using an inverse Laplace transform method. The spatial luminescence profile for a tightly focussed light excitation, given by an analytical resolution of the diffusion equation, is also predicted to exhibit spatial modes. The combination of these two techniques gives the charge and spin diffusion constants as well as bulk recombination time and spin relaxation time.
This method is applied between 9 K and 300 K to p þ GaAs thin films, covered by a natural oxide layer. The diffusion constant is found to decrease slightly upon increasing temperature. The characteristic times s 1 and s 2 of the TRPL modes increase with temperature, implying that the surface recombination velocity increase is masked by the decrease of the efficiency of bulk recombination. The spin relaxation time T 1 decreases with increasing temperature and its dependence as a function of the temperature T e of the electron gas follows the T 3=2 e law characteristic of relaxation by exchange coupling with holes.
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APPENDIX: SOLUTION OF THE DIFFUSION EQUATION
The general method for solution of the diffusion equation, Eq. (2), is common to TRPL and lPL and consists in searching for a linear combination of the eigenfunctions u m (z) of the Laplace operator with time-dependent coefficients. These eigenfunctions, satisfying Du m ðzÞ þ k m u m ðzÞ ¼ 0 as well as the boundary conditions, are
where h m is given by Eq. (6). Here, v m ¼ Arctanðc m =h m Þ and the normalization factor b m is given by 
and Fig. 9 shows the luminescence profiles corresponding to the first three spatial modes, calculated using S 0 ¼ 0. For a low value of S ¼ 10 4 cm/s (bottom panel), the spatial mode of order 1 is strongly dominant at all distances. This is expected from Fig. 3 , which shows that the higher order modes are negligible at low c. In the opposite case where S ¼ 10 7 cm/s (top panel of Fig. 9 ), one finds c Note finally that, for lPL, the diffusion equation also has an analytical solution, obtained by using a similar approach as Ref. 24 . The in-plane Fourier transformĜðn; zÞ of the Green's function G(r, z), which is the response to a Dirac excitation at the point r ¼ 0, z ¼ z 0 , satisfies an ordinary differential equation with respect to z. One obtains G n; z À z 
where uðnÞ / e Because of its integral form, this solution does not allow us to physically discuss the shape of the luminescence profile in the same way as Eq. (8) and requires the knowledge of three parameters which are S, S 0 , and L. However, its main interest is that it is possible to take S ¼ S 0 ¼ 0 and L ¼ L 1 , which is equivalent to take in Eq. (8) all L m equal to L 1 . Shown by open triangles in Fig. 9 is, for both values of S, the profile calculated using Eq. (A8). In the bottom panel, the result closely corresponds to the first spatial mode. This is expected because higher order modes are negligible. In the top panel, the result only slightly differs from the sum of the first three modes near the center and closely corresponds to this sum for r > 1 lm. It is concluded that Eq. (A8) is in all cases a good approximation to the profile using the only parameter L 1 . 
